The phase equilibria of the Fe-Si-Zr ternary system at 1273 and 1373 K have been experimentally investigated using scanning electron microscopy, electron probe microanalyzer and x-ray diffraction. In the present study, the established isothermal sections are characterized by a series of binary phases, ternary compounds and solid solutions. FeZr 2 and SiZr 2 do not form a continuous solid solution at 1273 and 1373 K. A new phase denoted here as s 9 (29Fe42Si29Zr) was found at both temperatures. The measured composition of the s 8 phase agrees with the formula Fe 4 Si 2 Zr found in the previous structural investigations. The newly determined phase equilibria of the Fe-Si-Zr system will provide important information for the development of silicon steels.
Introduction
As a significant material utilized in electrical devices, such as transformers, the silicon steels play an important role on the technical features, operating costs and comprehensive performance of these devices. [1] [2] [3] [4] The magnetic flux (B 10 ) and core loss value (W 17/50 ) are basic parameters indicating the quality of the silicon steels, and both of them are sensitive to the composition of silicon steels. [5] Additionally, it has been reported that Zr addition (0.05-0.3 wt.%) into silicon steels can form a stable compound ZrN, which will lead to the grain refinement, a decrease of iron loss and an obvious increase in the recrystallization temperature of the alloys. [6] It can thus be seen that Zr element in the Fe-Si alloys has a great impact on the performance of silicon steels. Therefore, the Fe-Si-Zr ternary system is an important subsystem for the silicon steels.
The three binary systems Fe-Si, Zr-Fe and Si-Zr, constituting the Fe-Si-Zr ternary system, are shown in Fig. 1 . The Fe-Si binary phase diagram reviewed by Kubaschewski [7] shows the presence of seven intermediate phases: n a (FeSi 2 ), n b (FeSi 2 ), e (FeSi), g (Fe 5 Si 3 ), a 1 (Fe 3 Si), a 2 (Fe-Si), and b (Fe 2 Si). The Zr-Fe binary phase diagram was determined by Stein et al. [8] Four intermediate phases exist: a (Fe 2 Zr), b (Fe 2 Zr), FeZr 3 and FeZr 2 . The Si-Zr binary phase diagram provided by Okamoto [9] depicts the following intermediate phases: Table 1 .
Regarding the experimental data of phase equilibria in the Fe-Si-Zr system, only one partial isothermal section at 1073 K studied by Lisenko et al. [10] is available, as shown in Fig. 1 . The data and ternary compounds in this system were reviewed by Raghavan [11] and Du et al. [12] Furthermore, the existence of ternary compounds is reported: s 1 (FeSiZr), [10, 13] s 2 (Fe 3 SiZr 2 ), [10, 14] [19] s 8 (Fe 4 Si 2 Zr), [20, 21] (Fe , Zr) 5 Si 3 , [10, 18] (Fe , Si) 2 Zr, [10, 18, 22] see Table 1 . ) . Regarding the isothermal section of the Fe-Si-Zr system at 1073 K, the addition of about 10-20 at.% Zr stabilizes a ternary phase of the Fe 5 Si 3 structure at 37.5 at.% Si. [10] Here, it should be noted that limited experimental data will restrict the compositional design of silicon steels. Only one partial isothermal section at 1073 K is not enough to do research for compositional design of silicon steels, while considering that the heat treatment temperature of silicon steels belongs to high-temperature range. Therefore, it is necessary to comprehensively determine the phase equilibria of the Fe-Si-Zr ternary system, especially at high temperature. The present research has thus been done to tackle this issue. In this study, the phase equilibria of the Fe-Si-Zr ternary system at 1273 and 1373 K were experimentally investigated by using scanning electron microscopy (back-scattered electron, BSE), electron probe microanalyzer (EPMA) and x-ray diffraction (XRD).
buttons were prepared from pure elements by arc melting under a high purity argon atmosphere using a non-consumable tungsten electrode. The ingots were melted at least 5 times in order to achieve homogeneity. The sample weight was around 20 g and the overall weight loss during melting was generally less than 0.30 wt.%. Afterwards, the ingots were cut into small pieces by wire-cutting machine for heat treatment and further observations. All samples were sealed in quartz capsules evacuated and backfilled with argon gas. The specimens were annealed at 1273 K for 1440 h and 1373 K for 720 h, respectively. After the heat treatment, the specimens were quenched into ice water.
After annealing and standard metallographic preparation, the equilibrium compositions of the phases were measured by EPMA (JXA-8100R, JEOL, Japan) with the average value of seven measurements. Pure elements were used as standards and the measurements were carried out at 20.0 kV for voltage and 10 mA for beam current, respectively. XRD was used to identify the crystal structure of the constituent phases. The XRD measurement was carried out on a Phillips Panalytical X-pert diffractometer using CuK a radiation at 40.0 kV and 30 mA. The data were collected in the range of 2h from 20°to 90°at a step of 0.0167°.
Results and Discussion

Microstructure and Phase Equilibria
BSE images of typical ternary Fe-Si-Zr alloys annealed at 1273 K and 1373 K are presented in Fig. 2 to 4 . Phase Fig. 1 Binary phase diagrams bonding the Fe-Si-Zr ternary system [7] [8] [9] and experimentally determined isothermal sections of the Fe-SiZr system at 1073 K [10] identification was based on the equilibrium composition measured by EPMA (Tables 2, 3 ) and XRD results (Fig. 5) . Comparing with isothermal section at 1073 K shown in Fig. 1 [20, 21] and listed in the review of Raghavan. [11] In addition, a new phase s 9 was observed in the present work, which indicates the existence of a new phase. Figure 2( 15 (at.%) alloy annealed at 1273 K for 1440 h, and indicated in Fig. 2(b) . The homogeneity of phase s 9 ranges from 40.7 to 43.2 at.% Si, from 27.8 to 30.3 at.% Zr, and from 27.2 to 28.8 at.% Fe. Considering the composition of s 7 (Fe 2 Si 3 Zr 3 ) given by Raghavan [11] and the standard deviation of the measured concentration, s 9 may not be s 7 (Fe 2 Si 3 Zr 3 ), [19] which appears in the isothermal section at 1273 K. [11] Fig. 3(b) , where the s 9 phase with the strip shape distributes in the s 4 matrix. Figure 3( 10 (at.%) alloy annealed at 1373 K for 720 h, the three-phase microstructure (n a (FeSi 2 ) + Si + Si 2 Zr) was observed, as shown in Fig. 3(d) . Figure 3( (Fig. 3f) and substantiated by the XRD result, as shown in Fig. 5(a) , where the characteristic peaks of the Si 2 Zr 3 , s 1 (FeSiZr) and a (Si 4 Zr 5 ) phases were found and well marked by different symbols. In the Fe 5 Si 55 Zr 40 (at.%) alloy annealed at 1373 K for 720 h, the three-phase microstructure (s 3 (Fe 4 Si 7 Zr 4 ) + Si 2 Zr + a (SiZr)) was observed (Fig. 4a) and substantiated by XRD result, as shown in Fig. 5(b) , where the characteristics peaks of s 3 (Fe 4 Si 7 Zr 4 ), Si 2 Zr and a (SiZr) are confirmed and well marked by different symbols. In the Fe 33.5 Si 43.5 Zr 23 (at.%) alloy annealed at 1373 K for 720 h, the three-phase equilibrium of (s 4 (Fe 2 Si 2 Zr) + s 9 + e (FeSi)) was found, as presented in Fig. 4(b) . In addition, the three-phase equilibrium of ((Zr,Fe) 5 Si 3 + b (Fe 2 Si) + e (FeSi)) was identified in the Fe 57 Si 40 Zr 3 (at.%) alloy annealed at 1373 K for 720 h, and its equilibrium microstructure is presented in the Fig. 4(c) . As illustrated in Fig. 4(d) , the three-phase equilibrium microstructures (s 3 (Fe 4 Si 7 Zr 4 ) + Si 2 Zr + n a (FeSi 2 )) was detected in the Fe 20 Si 60 Zr 20 (at.%) alloys quenched from 1373 K for 720 h. As shown in Fig. 4 (e), a phase irregularly distributes in the e (FeSi) matrix, and the XRD result is indicated in Fig. 5(c) . In the Fe 19 Si 47 Zr 34 (at.%) alloy quenched from 1373 K for 720 h, the threephase microstructure (a (SiZr) + s 9 + s 3 (Fe 4 Si 7 Zr 4 )) was observed ( Fig. 4f ) and the XRD result was presented in Fig. 5(d) . Therefore, the phase regions around the phase s 9 were measured by EPMA and known phases were identified by the component position. At this moment, it might infer the existence of a new phase. The effect of slightly differing compositions can be ignored, because the ternary-phase regions around the phase s 9 were large enough and the standard deviation of the measured concentration is ±0.5 at.%. Through composition contrast, the new phase s 9 is not same as s 7 (Fe 2 Si 3 Zr 3 ) given by Raghavan. [11] Furthermore, In Fig. 5(c) , the e (FeSi) phase is figured out by a circle symbol, and the rest peaks probably indicate the new phase s 9 . If the characteristic peaks of a (SiZr) and s 3 (Fe 4 Si 7 Zr 4 ) were removed in Fig. 5(d) , the rest peaks of them are exactly identical with the rests in Fig. 5(c) . Thus, according to the EPMA and XRD results, the existence of phase s 9 at the temperature of 1373 K was confirmed in the Fe-Si-Zr ternary system. The crystal parameters of phase s 9 are under determination and will be revealed in our further report. 
Isothermal Section
All the equilibrium compositions of the Fe-Si-Zr ternary system at 1273 and 1373 K determined by EPMA were listed in Tables 2 and 3 , respectively. Based on the experimental data mentioned above, two isothermal sections at 1273 and 1373 K were constructed in Fig. 6(a) and (b) , respectively.
In the isothermal section at 1273 K shown in Fig. 6(a) , several ternary phases were experimentally determined and a new phase s 9 was observed for the first time in this work. The solubility of Zr in the n a (FeSi 2 ) phase is found to be 7.5 at.%, the solubility of Fe in the Si 2 Zr is measured to be 8 at.% and the solubility of Fe in the SiZr 2 phases is shown to be 4 at.%. Furthermore, the solubility of Si in the Fe 2 Zr phase is found to be about 16 at.%. Compared with isothermal section at 1073 K shown in Fig. 1 , the single-phase regions of the ternary phases (s 1 , s 3 , s 4 , s 8 ) identified in the isothermal section at 1273 K, change to be one-phase regions. On the other hand, the s 5 phase changes to be a linear compound, and the Zr content in the s 5 phase is 20 at.%. In addition, the ternary phase named s 9 indicated in Fig. 2(b 3 ) ). Moreover, through XRD patterns, the unknown peaks cannot be calibrated by other peaks of Fe-Si-Zr metal compounds. Therefore, it is indicated that the phase s 9 exists.
The phase relationships in the isothermal section at 1373 K (Fig. 6b ) are similar to that at 1273 K. Compared with the isothermal section at 1273 K, the apparent difference happens in the binary Fe-Zr side, where Si content varies from 28 to 50 at.%. The g (Fe 5 Si 3 ) phase disappears and the b (Fe 2 Si) appears, which leads to appearance of a ternary region ((Zr,Fe) 5 Si 3 + e (FeSi) + b (Fe 2 Si)). It can be seen from the Fe-Si binary phase diagram that, the Fe 5 Si 3 only exists in the temperature range between 1098 K and 1333 K. According to the previous and current study, Zr can stabilize a ternary phase of the Fe 5 Si 3 structure [10] and make presence of Fe 5 Si 3 to be extended within larger temperature range. The solubility of Fe in the SiZr 2 phases increases, being up to 8 at.% at 1373 K. Additionally, the liquid region in the Zr-rich corner becomes larger.
Conclusions
The phase equilibria of the Fe-Si-Zr alloy system at 1273 and 1373 K were experimentally determined in the whole compositional range, which consists of a series of ternary phase equilibria, two phase equilibria and solid solutions. The newly determined phase equilibria will provide additional support for the thermodynamic assessment of this Fe-Si-Zr system and compositional design of new silicon steels. The important conclusions drawn from the present study are as follows:
(1) The previously-reported phases s 1 , s 2 , s 3 , s 4 , s 5 , s 8 and (Zr,Fe) 5 Si 3 were found both at 1273 K and 1373 K. The phases s 6 and s 7 were not found at either temperature. Also, FeZr 2 and SiZr 2 do not form a continuous solid solution at 1273 and 1373 K. A new phase denoted here as s 9 was found at both temperatures. (2) The measured homogeneity range of the newly found phase s 9 (29Fe42Si29Zr) is sufficiently narrow to conclude that it is distinctly different from the ternary phase s 7 denoted as s 6 by Raghavan [11] with the nominal composition Fe 2 Si 3 Zr 3 (25Fe37.5Si37.5Zr). Available structural evidence supports this conclusion. (3) The measured composition of the s 8 phase (57Fe29S-i14Zr) agrees with the formula Fe 4 Si 2 Zr found in the structural investigations of Yarmolyuk et al. [20, 21] and listed in the review of Raghavan. [11] 
